We use a relatively high resolution (T106) atmospheric general circulation model to simulate precipitation along the tracks of tropical cyclones (TCs) within the western North Pacific basin under present-day and doubled CO2 climates. The simulated mean precipitation associated with TCs is in agreement with observational data. The simulation predicts that a doubling of atmospheric CO2 will result in an increase in TC precipitation. We attribute the predicted increase in precipitation to increased atmospheric moisture content, which is partly offset by the effects of decreased TC intensity. Mean TC precipitation and the frequency of extreme precipitation ( 150 mm/day) over Japan are predicted to increase with CO2 doubling, despite an accompanying decrease in the frequency and intensity of TCs.
Introduction
Extreme precipitation as well as strong winds associated with tropical cyclones (TCs) causes a serious hazard to society. Theoretical and regional modeling studies have predicted that the maximum intensity of TCs, primarily in terms of wind speed, would increase in a future warmer climate (see review by Walsh 2004) . Increased atmospheric moisture content within a warmer atmosphere (e.g., Trenberth 1999) would also affect the precipitation intensity associated with TCs. Giorgi et al. (2001) concluded that TC precipitation would increase by 20% to 30% in a future climate of increased TC intensity, although the increase may also reflect the greater moisture-holding capacity of the atmosphere. Giorgi et al.'s (2001) projections have been supported in later studies (e.g., Knutson and Tuleya 2004) , but these studies have not evaluated the relative importance of increased TC intensity and increased atmospheric moisture as factors for increasing TC precipitation.
The TC-like disturbances simulated in general circulation models (GCMs) have also been studied to assess possible future changes in TC characteristics (e.g., Tsutsui 2002; Sugi et al. 2002; McDonald et al. 2005) . These GCM studies focus mainly on TC formation and contain limited analysis of TC precipitation. Emori et al. (2005) demonstrated that their atmospheric GCM (CCSR/NIES/FRCGC 1 AGCM) can reasonably reproduce extreme daily precipitation at approximately 1.1
Model experiments and validation data
The model used in this study is a version of the CCSR/NIES/FRCGC AGCM, as described by Emori et al. (2005) . The resolution of the model is T106 spectral truncation in the horizontal (approximately 1.1 × CO2 experiment were conducted. The duration of each ensemble member is 20 years. Observed sea surface temperature (SST) and seaice concentration data for 1979 1998 (HadISST; Rayner et al. 2003) were used for the control runs. Each ensemble member started from a different initial condition. The SST data used for the 2 × CO2 runs are the sum of observational data and the seasonally varying anomaly derived from transient climate change experiments of coupled atmosphere-ocean GCMs. Since the simulations of TCs in time-slice runs may strongly depend on the prescribed SST, we used 7 different SST anomalies derived from various coupled GCMs (CCSR, NCAR-CSM, NCAR-PCM, MPI, GFDL, CSIRO, and CCC) obtained from the Intergovernmental Panel on Climate Change (IPCC) Data Distribution Centre 2 . Each ensemble member uses a different SST anomaly. Each SST anomaly is scaled by a global and annual constant so that the global and annual mean SST anomaly is the same as that of CCSR (1.75 K). This procedure negates the effects of the varying climate sensitivity of each model and the different data sets available for each model. The sea ice data is adjusted to the SST by setting sea ice concentration to zero where SST is above the freezing temperature of seawater. CO2 concentrations are fixed at 345 ppmv for the control runs and 690 ppmv for the 2 × CO2 runs.
Validation data consists of satellite-derived daily precipitation data from the Global Precipitation Climatology Project (GPCP 1DD; Huffman et al. 2001 ) and Best Track TC data for the WNP region sourced from the Japan Meteorological Agency 3 . These two datasets are available together for the period 1997 to 2003.
Criteria for selecting tropical cyclones and associated precipitation
We use the criteria of Sugi et al. (2002) 
Results

Validation and predictions of mean precipitation associated with tropical cyclones
The frequency of TC formation over the WNP domain (depicted in Fig. 1 ) is 23.1 per year for the period 1997 2003 (28.5 for 1979 1998) , while the frequency predicted by the simulation is 19.0 1.2 (ensemble mean standard deviation) per year for the control and 18.3 2.1 per year for the 2 × CO2 run. The ensemble standard deviation for the control reflects uncertainty due to internal atmospheric variability, while that for the 2 × CO2 reflects uncertainty due to externally forced SST change as well as internal variability. The frequency of TC formation in the control simulation is smaller than that observed, but they cannot be directly compared because of the different definitions between simulated and real TCs. Although the frequency of TC formation decreases in 2 × CO2 simulation compared with the control, the magnitude of decrease is not large compared with the uncertainty range. The path of simulated TC tracks as an ensemble is a fair approximation of observational data, while the duration of TCs is generally underestimated in the simulation (not shown). Figure 1 compares the distribution of observed TCrelated mean daily precipitation for the period 1997 2003 with ensemble means of control (5 × 20 years) and the 2 × CO2 simulations (7 × 20 years). At each grid point, non-zero daily precipitation values recorded only when the grid point is within a TC1000 area are averaged. The control simulation provides a good reproduction of the observational data (compare Figs. 1a and b) . Discrepancies in the details of the different distributions are partly due to the limited number of samples for the observation. The TC-related precipitation is greater in the 2 × CO2 climate (Figs. 1b and c) . The area of precipitation in excess of 20 mm/day in the 2 × CO2 climate extends further into higher latitudes than that in the control. This is especially true for longitudes west of central Japan (130°E 140°E). The TC-related precipitation over western Japan (land-based grid points to the west of 137°E; note that there is no land-based grid point assigned to the Okinawa Islands) is 12.7 mm/day in the control and 14.4 mm/day in the 2 × CO2 climate (13% increase).
Factors of precipitation increase
We partition the increase in mean TC precipitation into components reflecting change in TC intensity (dynamic change) and change in atmospheric moisture content (thermodynamic change). We use central SLP, pc, as an index of TC intensity, and this value is divided into 5 hPa bins. Each day of the duration of a TC is considered a separate sample, so that the total sample number is the total lifetime of all TCs rather than the number of TCs. The relative frequency of each pc bin is calculated over the WNP domain, and this is regarded as the probability density function of pc, denoted by PDF (pc). The mean daily precipitation associated with a particular TC is defined as the average precipitation over areas where vertically integrated moisture flux converges within TC1000. The condition of moisture flux convergence is included for a water budget analysis described later in the text. The mean precipitation for each TC is then composited upon the corresponding pc bin to obtain the expected values of TC precipitation as a function of pc, denoted by P(pc). Since the TC precipitation averaged over the domain is expressed by = PDF(pc) P(pc) dpc, variation due to CO2 doubling can be expressed as = PDF(pc) Pctl(pc) dpc
where denotes the difference between 2 × CO2 and control values, and the subscript 'ctl' denotes control values. The first term of the right hand side of the equation represents precipitation change due to change in TC intensity (dynamic change), while the second term describes that due to change in TC precipitation for given intensity (thermodynamic change), and the third term represents covariation. Figure 2a shows PDF(pc) for the control and 2 × CO2 climates. The model generally underestimates TC intensity due to insufficient resolution. In the 2 × CO2 climate, daily precipitation (mm) the probability of stronger TC (pc 1005 hPa) decreases compared with the control climate, while the probability of weaker TC (pc > 1005 hPa) increases. The magnitude of the change in TC intensity between the two data sets is greater than the uncertainty range represented by the one ensemble standard deviation (denoted by error bars) over most of the pc range. Although very strong TCs (pc 955 hPa) only occur in the 2 × CO2 climate, the sample size is too small for this change to be considered statistically significant. The model predicts that higher-intensity TCs will produce greater daily precipitation (Fig. 2b) , although the sample size is insufficient to assess TCs of the highest intensity (pc 965 hPa). In the 2 × CO2 climate, P(pc) increases over the entire pc range compared with the control. The magnitude of the increase is generally greater than the uncertainty range for most pc values at modest intensities. A similar relationship between TC precipitation and TC intensity (maximum surface wind) is also reported by Yoshimura et al. (2005) .
The mean TC precipitation, P, calculated from these results, is 23.9 0.6 and 25.8 1.2 mm/day for the control and 2 × CO2 climates respectively. The total change, P, is +2.0 mm/day (+8.4%), which is larger than the uncertainty range expressed by one ensemble standard deviation. The dynamic change (the first term of Eq. (1)) is 1.2 mm/day ( 5.0%), while the thermodynamic change (the second term) is +3.4 mm/day (+14.2%). The change due to CO2 doubling in precipitable water averaged over a WNP area (100 P(pc ) (Fig. 2b) . Mean values for each TC are averages over areas with positive moisture flux convergence within TC1000 . Values of moisture flux convergence are close to precipitation. The increase in moisture flux convergence due to climate change for given pc (difference between red and blue lines in Fig. 2b) explains most of the corresponding increase in precipitation, especially over modest pc range (pc > 985 hPa) where the sample size is large and the result can be considered significant. Surface evaporation also increases slightly due to climate change, but seems to play a secondary role to changes in moisture flux convergence.
Extreme precipitation caused by tropical cyclones
Here we examine the frequency of simulated extreme daily precipitation associated with TCs. Figure  3 shows the distribution of the relative frequency of daily TC-related precipitation 150 mm/day for the control and 2 × CO2 climates. A relative frequency of 1×10 4 represents an average of one occurrence every 27 years. Although the areas of most frequent intense precipitation occur over the ocean, this area extends closer to Japan in the 2 × CO2 climate. The frequency of occurrence at any land-based grid point within Japan (again not including Okinawa Islands) is 1.1 0.2 ×10 4 (once in 25 years) for the control and 3.3 2.3 ×10 4 (once in 8 years) for the 2 × CO2 . The 2 × CO2 data represents a notable increase in frequency compared with the control data, although the ensemble standard deviation mainly related to uncertainty in SST change is as large as the magnitude of increase.
An increase in the frequency of TC-related precipitation resulting from climate change is predicted only for extreme precipitation events. The total frequency of TCrelated precipitation (for values > 0 mm/day) is reduced in the 2 × CO2 climate compared with the control, reflecting the reduced frequency of TC formation in the 2 × CO2 climate. For TC-related precipitation 50 mm/ day, the frequency of occurrence and areas of frequent occurrence are comparable between the 2 × CO2 and control (not shown). The increased frequency due to climate change is seen for threshold values above 50 mm/day. According to the preceding analysis of PDF(pc) and P(pc), this is again attributable to the thermodynamic effect, that is, the increase in mean TC precipitation for given TC intensity due to the increase in atmospheric moisture content.
Concluding discussion
By analyzing daily precipitation along tropical cyclone (TC) tracks in present-day and 2 × CO2 climates simulated with a T106 atmospheric GCM, we have demonstrated that the effect of increased atmospheric moisture would play an important role in increasing precipitation associated with TCs under a warmed climate. This result is different from the previous studies that emphasize the increase in TC intensity (e.g., Knutson and Tuleya 2004) .
Especially, the TC intensity decreases on average in the present study, contrary to the increase in maximum intensity found in the previous theoretical and higherresolution regional modeling studies (Walsh 2004; Knutson and Tuleya 2004) . A reduction in TC intensity may seem inconsistent with a prediction of increased precipitation, which should act to intensify a TC through increased energy supply. A possible interpretation for this is that the reduction in TC intensity results from a predominant increase in dry static stability (Sugi et al. 2002) in the present result. Increased dry static stability leads to increased adiabatic cooling for given updraft, which cancels out the increased latent heating due to the increased precipitation. However, the degree of increase in dry static stability and its effect on TC intensity would be dependent on GCMs, especially on convection schemes.
As for the frequency of formation of TCs over the western North Pacific basin, the present study suggests slight decrease, which is consistent with Sugi et al. (2002) and McDonald et al. (2005) in sign but not with Tsutsui (2002) . We consider that this issue is also still uncertain because of limited reality of TCs represented in the GCMs.
What is considered to be more reliable in the present results is the effect of atmospheric moisture increase. The modeled TC-related precipitation agreed well with an estimation from satellite-based daily precipitation data and observed TC tracks. It would imply that the modeled TC-like disturbance can mimic some largescale aspects of the hydrological cycle of a real TC fairly quantitatively, irrespective of how realistically the intensity or structure of a TC is represented. It has also been clearly shown that the atmospheric moisture convergence associated with a TC of given intensity significantly increases under a warmed climate, which primarily contributes to the increase in mean TC precipitation in terms of the TC-scale water budget.
Despite that the changes in intensity and frequency of TCs are relatively uncertain, the present study gives a fairly robust conclusion that, even if the intensity and frequency of TCs are decreased in a future climate, the mean and extreme precipitation caused by TCs would be notably increased due to increased atmospheric moisture.
